Introduction was not undertaken in microcultures, owing to the paucity of cell pairs containing at least one inhibitory neuron. During the last few years, accumulated evidences have In our microculture conditions, only ‫%52ف‬ of the pairs demonstrated that glutamate receptors of the kainate recorded were synaptically connected and Ͻ20% of type are expressed by hippocampal neurons in culture these connections were inhibitory. We recorded a total (Lerma et al., 1993; Wilding and Huettner, 1997) . These of six pairs, one of which was discarded since inhibitory receptors do not seem to participate as mediators of synaptic responses showed a marked rundown that fast synaptic transmission in the hippocampus (Lerma made quantitation impossible. However, it was apparent et al., 1997a; but see Vignes and Collingridge, 1997;  from each case that the number of failures in the synapCastillo et al., 1997). Kainate and AMPA receptors are tic release increased in the presence of kainate and that activated by the same collection of agonists and coexist in two cases, a remarkable increase in IPSC latency was in the same neurons (Lerma et al., 1993; observed (see Figure 1C ). In two further cases, the effect al., 1995). However, the lack of specific pharmacological of 0.6 M kainate was evaluated on autaptic IPSCs. tools to functionally separate kainate from its action on Kainate was ineffective in one of these neurons, in which AMPA receptors (see Paternain et al., 1996) has limited we demonstrated the lack of a kainate-induced current our progress in defining the role of kainate receptors in (300 M); i.e., it did not express kainate receptors. To brain physiology. A considerable advance was made discard the possibility of interference with the action of when Tarnawa and associates synthesized a series of GABA on its receptor, we examined the response to 100 2,3-benzodiazepines (reviewed by Vizi et al., 1996) that M GABA in the presence and in the absence of kainate were shown to be specific AMPA receptor antagonists in cultured hippocampal neurons. The magnitude of the (Wilding and Huettner, 1995; Paternain et al., 1995) . In-GABA-mediated current was similar in both situations deed, GYKI 53655 completely blocks AMPA receptor (data not shown), indicating that the action of kainate activation but shows no effect on kainate receptors (Paon GABAergic IPSCs was not due to an interaction of ternain et al., 1995) , allowing us to explore the possible kainate with postsynaptic GABA receptors. We then investigated the effect of kainate in hippocampal slice preparations where GABA interneurons ‡ To whom correspondence should be addressed. a representation of the predicted steady-state receptor activation using the previously estimated values of EC50 (20 M; Lerma et al., 1993 ; see also Wilding and Huettner, 1997 ) and of 50% steady-state inactivation (0.37 M; Paternain et al., 1997, submitted) . As can be seen, the resulting theoretical bell-shaped curve reasonably fits the experimental data. This result strongly indicates that the blocking action of kainate on eIPSCs in hippocampal slices is mediated by the activation of a kainate receptor similar to the one previously characterized by us in hippocampal cell cultures. In keeping with this idea, the degree of IPSC inhibition by kainate in microcultures and in slices was very similar (43% Ϯ 11% and 44.2% Ϯ 3%, respectively, for 0.6 M).
Kainate, even at low concentrations, also induced a change in the holding current, indicating that in many cells it had a depolarizing action. It was, however, vari- (n ϭ 54).
(C) The application of kainate reversibly reduced the potency of To determine whether the site of GABAergic response inhibitory transmission, increasing the number of failures. Note that, modulation by kainate was postsynaptic or had a preduring kainate perfusion, the IPSC generation was also delayed. synaptic component, we used various approximations.
Chloride currents were outward, since the Nerst equilibrium potential for this ion was approximately Ϫ54 mV. Similar results were First, in several cells recorded in slices as in cells in obtained in four additional pairs of cells. microculture, there was an increase in synaptic failures when kainate was present. We quantified the proportion of failures and plotted them versus the degree of eIPSC were activated by a stimulating electrode located in the reduction induced by kainate, independently of the constratum oriens of the CA1 field. As previously reported centration of kainate used. For this analysis, 12 cells (Lerma et al., 1997a) , the inclusion of the AMPA receptor out of 54 were selected, since only in these cells were antagonist GYKI 53655 (100 M) completely abolished failures accurately identified. The increase in the failure the excitatory synaptic transmission at the level of the rate was correlated with the magnitude of eIPSC inhibiSchaffer collateral-CA1 synapse. NMDA receptor actition by kainate ( Figure 2C ), suggesting that a change vation was prevented by the inclusion of APV (50 M).
in the synaptic reliability may be the cause of eIPSC At a membrane potential of Ϫ60 mV, pyramidal neurons reduction. As a means of checking the presynaptic orideveloped an inwardly directed inhibitory current due gin, we also estimated the noise-free coefficient of variato the symmetrical concentration of Cl Ϫ . This current tion (CV) of the synaptic responses, in control conditions was abolished by bicuculline (data not shown), indicatand in the presence of kainate, and calculated the ratio ing that the response exclusively involved GABAA recepof both CVs (CVR; see Clements, 1990) . The CVR was tor activation. Inhibitory synaptic responses were generconsistently Ͼ1 in 48 out of 54 neurons analyzed (1.82 Ϯ ated at a frequency of 0.1 Hz, and after stabilization of 0.1; 95% confidence interval ϭ 1.6-2.0). This result indithe evoked IPSC (eIPSC), kainate was introduced in the cates that a change in the release parameters is the recording chamber at different concentrations (0.3-300 most likely explanation for the reduction of GABAergic M). During kainate perfusion, eIPSCs decreased in amIPSCs (Forsythe and Clements, 1990 ). This conclusion plitude-an effect which was reversible upon kainate was also apparent from the plot of the change in the washout, in most cases (Figure 2A ). It was noted that mean eIPSC amplitude (M) versus the change in the the most effective concentrations of kainate were 10-30 statistic 1/CV 2 (the inverse of the squared coefficient of M; lower and higher concentrations of kainate were variation), which denotes the variance of the evoked less effective in reducing the amplitude of eIPSCs. A response (Bekkers and Stevens, 1990 ; Malinow and plot of the degree of eIPSC inhibition versus kainate Tsien, 1990) . It has been established that a change in M concentration displayed a bell-shaped dose-response with no change in the variance of the synaptic response curve ( Figure 2B ). The reason for this is that very low denotes that only quantal content has been modified and very high concentrations of kainate hinder steady-(i.e., it is a purely postsynaptic mechanism; dotted line state receptor activity because one is unable to activate in Figure 2D ). In contrast, if a change in the variance (the low) and the other rapidly desensitizes (the high) correlates with the change in M, it is suggestive of a the receptors. This results in a theoretical bell-shaped presynaptic modification of release parameters (dashed dose-response curve for the steady-state action of kailine in Figure 2D ; reviewed by Thomson and Deuchars, nate. Consequently, if kainate receptors of this or a 1995). As can be seen in Figure 2D , the reduction in similar type were involved in the inhibition of eIPSCs, eIPSC amplitude by kainate was paralleled by an equivathen previously calculated parameters for activation and lent change in 1/CV 2 , which also indicates a presynaptic inactivation of kainate receptors should fit such a doseresponse bell-shaped curve. The solid line in Figure 2B is effect. It is well known that the frequency of miniature IPSCs (e.g., metabotropic) might be activated. However, the action of kainate on eIPSCs was unaltered after the (mIPSCs) can, under certain conditions, be an accurate indicator of whether the release probability is changed blockage of metabotropic glutamate receptors by MCPG and MPPG (1.5 mM each), which combined blocked by a given drug. To further verify whether the reduction in the eIPSC induced by kainate had a presynaptic orireceptor types I, II, and III ( Figure 4 ). In contrast, the nonselective antagonist of AMPA receptors, CNQX (Figgin, we studied spontaneous GABA release before, during, and after addition of 10 M kainate. Tetrodotoxin ure 4), antagonized the action of kainate on eIPSCs in a dose-dependent manner. It has been demonstrated at 0.5 M was present throughout the experiment to avoid action potentials. In this situation, miniature IPSCs already that CNQX is also active, although less potently, on kainate receptors (see Wilding and Huettner, 1995 ; were recorded and subjected to amplitude discrimination off-line. In one out of eight cells studied, the inclu- Paternain et al., 1996) . To verify that the endogenous agonist of kainate resion of kainate had no effect, while in the other seven cells, kainate reduced both the frequency and the ampliceptors is also able to regulate eIPSCs, we applied glutamate to slices in the presence of a cocktail composed tude of mIPSCs, although the former was reduced more markedly. The interval distributions were statistically difof MCPG and MPPG (1.5 mM each), GYKI 53655 (100 M), and APV (200 M) to prevent activation of any ferent in five neurons (Kolmogorov-Smirnov test, p Ͻ 0.05). On average, the interval between mIPCS was inglutamate receptor except kainate receptors. The amplitude of eIPSCs was reduced by glutamate (10-200 M) creased in the presence of 10 M kainate to 212% Ϯ 42.6% of the control value. The amplitude distributions following a bell-shaped dose-response curve. As for kainate, the peak of this curve agreed well with the were statistically different in three out of seven cells (Kolmogorov-Smirnov test), the amplitude being reequilibrium dose-response curve for glutamate previously estimated by us in cultured cells ‫001ف(‬ M). duced to only 88% Ϯ 4.6% (n ϭ 7). In general, a marked reduction in the frequency of larger events was noted Despite the presence of the cocktail of glutamate receptor antagonists, higher concentrations of glutamate in-( Figures 3A and 3D ), which probably accounts for the slight decrease in the average amplitude. Figure 3 shows duced large inward currents that made membrane clamping impossible. These currents may reflect the a representative example in one CA1 pyramidal neuron. This result is congruent with the idea that kainate acts activity of glutamate transporters that escaped to our control. at a presynaptic locus.
It would still be possible that the addition of kainate From the above results, it was evident that, in vitro, kainate receptors are involved in the control of GABA to the slice produced an increase in the extracellular concentration of glutamate, either by inhibiting its uprelease. We wanted to extend these results to the in vivo situation. For this purpose, we conducted experitake (Pocock et al., 1988) or by inducing its release from cellular stores. Consequently, other glutamate receptors ments in the hippocampi of anesthetized rats in which dialysis probes had been implanted. Extracellular evoked were separated by 40 ms, and field responses were averaged every five trials. At this interval, the GABAA recepfield potentials were recorded by a micropipette situated in the CA1 pyramidal layer while electric shocks were tor-mediated inhibitory postsynaptic potential (IPSP) predominates over the delayed GABA B -mediated comapplied to the Schaffer collaterals ( Figure 5A ). In these records, the sharp negative wave represents the synponent. This experiment was repeated in five animals with similar results ( Figure 5 ). The effectiveness of inhibichronous action potential from a large population of neurons (population spike). It has been demonstrated tion was dramatically reduced upon introduction in the dialysis probe of a solution containing 3 M kainate. A that the amplitude of the population spike is proportional to the number of cells firing at one time. It is generally low concentration of kainate was chosen in order to avoid activation of AMPA receptors (the extracellular accepted that twin pulse stimulation directly tests the effectiveness of GABAergic inhibition by comparing the concentration is a fraction of the perfused concentration; e.g., Herreras et al., 1994) . Even at this low concenresponse to the second pulse (test) with the response to the first (conditioning). Conditioning and test pulses tration of kainate, a clear population spike appeared in response to the test pulse that increased with the perfusion time and reverted upon kainate washout (Figures 5A and 5B). In contrast, there was no effect on the amplitude of the conditioning population spike, which was indicative that at these concentrations, kainate was not inducing a massive depolarization. Indeed, recordings from the synaptic layer (stratum radiatum) were also performed in two animals and did not reveal any effect of this concentration of kainate on the field EPSP (data not shown). This result indicates that in these experiments, kainate did not significantly modify the excitatory drive. During exposure to kainate, a firing pattern reminiscent of epileptic status did appear ( Figure 5A , bottom). This was correlated with the presence, in the hippocampal activity, of epileptic spikes ( Figure 5C ). It is well known that similar interictal spikes appear either in vivo or in slices after exposure to convulsants that block GABA-mediated inhibition. demonstrate that the effect was not only present in of failures of transmitter release before and during kainate application. We applied this analysis only to those slices but also in both cultured hippocampal cells and in the in vivo situation, indicating that this is a general cells in which true failures were seen. The increased failure rate accounted for the decrease in eIPSC ampliaction and not the result of something inherent to a given experimental preparation. This result, however, is tude, suggesting a change in synaptic release probability. Such an increase in failures was also observed in not surprising, as several authors described an action of kainate on GABAergic inhibition more than 10 years microcultured neurons, a situation in which the presynaptic spike generation could be experimentally realized ago, when kainate was found to be a potent excitotoxin. Sloviter and Damiano (1981) were the first to suggest (see Figure 1B) . Second, kainate decreased the frequency of mIPSCs, a result also compatible with a dethat kainate decreased inhibition in the hippocampus, a result that has since been observed by several authors crease in release probability. Finally, the ratios between the CVs obtained for responses before and during kai- (Westbrook and Lothman, 1983; Fisher and Alger, 1984; Kehl and McLennan, 1985; Gaiarsa et al., 1994) . Hownate application were also analyzed, yielding a value reliably larger than unity, which is also congruent with ever, the lack of knowledge regarding the existence and properties of kainate receptors precluded any conclua presynaptic modification. Furthermore, the plot of normalized variance by the normalized mean was demonsions being drawn at that time. Considering the pharmacological profile and the properties of this block of strative of a presynaptic mode of action for kainate. GABAergic synaptic function, we conclude that this inhibition is mediated by the activation of glutamate recepThe Inhibition of GABA Release Is Mediated by Activation of Kainate-Selective Receptors tors of the kainate type present in the presynaptic side of inhibitory contacts, and that this is one of the roles Considering that AMPA receptors, the other receptors susceptible to activation by kainate, were completely that kainate receptors are playing in brain physiology.
blocked by the presence of a saturating concentration of GYKI 53655 and that the complete block of metaboThe Action of Kainate Is Presynaptic Kainate drastically inhibits the eIPSCs in both microcultropic glutamate receptors did not prevent the effect of kainate, we can conclude that the action of kainate on tured cells and hippocampal slices, indicating that inhibitory synaptic transmission may be modulated by an GABAergic function must be mediated by kainate-preferring receptors. The lack of a specific antagonist of excitatory receptor of the kainate type. However, these results do not tell us whether the action is due to a kainate receptors precludes the demonstration by pharmacological means of the involvement of these receppre-or postsynaptic mechanism. There are a number of uncertainties associated with quantal analysis in the tors in IPSC inhibition. However, the poor specificity of quinoxalinediones (CNQX, DNQX, etc.; see Honore et CNS (see Clements, 1991; Korn and Faber, 1991) . In the present work, however, we presented evidence from al., 1988) documented on non-NMDA receptors (Wilding and Huettner, 1996; Paternain et al., 1996) has allowed different approaches, all suggesting a presynaptic site of action for kainate. First, we compared the proportion us partially to address this question. As expected, CNQX was able to inhibit kainate action in a dose-dependent unequivocally demonstrated its subcellular distribution. Although staining has usually been found in the postsynmanner. CNQX acted weakly on kainate-induced IPSC inhibition, since the IC 50 was about 25 M (Figure 4) . aptic densities of asymmetric synapses, in a number of cases, staining of unmyelinated axons and presynaptic In the present experiments, the action of kainate on IPSCs was evaluated in equilibrium conditions, and we terminals has also been shown (Huntley et al., 1993; Petralia et al., 1994) , suggestive of the existence of preand others have shown that kainate-induced currents desensitize rapidly and completely (Lerma et al., 1993;  synaptic kainate receptors (see Represa et al., 1987) . Determination of the localization of kainate receptor Wilding and Huettner, 1997) . These two facts are in apparent contradiction. However, recent experiments in subunits on individual GABA synaptic boutons will require definitive electron microscopic studies of the type our laboratory have indicated the existence of a window of activity for this receptor (i.e., "window current"; Patercarried out for other glutamate receptors (e.g., Lujá n et al., 1996; Shigemoto et al., 1996; Rubio and Wenthold, nain et al., 1997, submitted) . The theoretical window current shown in Figure 2B as a continuous line was 1997). To date, the only conclusive data show that hippocampal interneurons do express kainate receptors calculated as the fraction of non-inactivated channels that would be activated at each kainate concentration, (Siegel et al., 1995) . It is difficult to predict which subunit(s) of kainate taking into account the activation and inactivation curves for native kainate receptors previously deterreceptors may be responsible for this modulation. A strong candidate for the modulation of GABA release mined in cultured hippocampal cells. As can be seen, values of IC 1/2 and EC50 (the half-maximal concentrawould be GluR5, since CA1 hippocampal interneurons in the stratum oriens present high expression of its trantions for inactivation and activation, respectively) fit reasonably well with the observed action of kainate on scripts (Bahn et al., 1994) and are labeled by an antiGluR5-7 antibody (Siegel et al., 1995) . In our experimeneIPSCs in hippocampal slices. This window of steadystate activation of kainate receptors roughly presents a tal conditions, these are the interneurons most likely activated by the stimuli. Interestingly, Craig et al. (1993) maximum at 10 M, a value that is in agreement with our previous data. This fact should be taken into achave shown that 20% of cultured hippocampal cells have characteristics of GABAergic interneurons and excount in experiments designed to look specifically at kainate receptor-mediated kainate activity. Indeed, a press GluR5, which is in agreement with GluR5 expression determined by single cell RT-PCR analysis (27%; bell-shaped dose-response curve, rather than a sigmoid, should be expected for the steady action of kai- Ruano et al., 1995) . nate on physiological processes.
To elucidate the precise mechanism by which kainate Physiological Relevance of Kainate decreased the release of GABA was not the goal of the Receptor-Mediated Block present work. Although there are several mechanisms of GABA Release by which the synaptic release of a transmitter may be Glutamate can regulate not only its own release but modulated, second messenger-mediated modulation of also the release of GABA by activating metabotropic voltage-dependent channels or other components inglutamate receptors specifically located at glutamavolved in the exocytotic release are the best known tergic and GABAergic terminals. The exact functional examples. Although kainate receptors are coupled to significance of this has not yet been established. Our an ion channel, a G protein-mediated activity could not present findings identify a further receptor capable of be ruled out since kainate receptors, purified from the modulating this activity. The action of glutamate through goldfish, have been shown to interact with G proteins metabotropic receptors is mediated by second messen- (Ziegra et al., 1992) . It is not known whether this interacger systems and hence must be slow. The signaling tion may serve to modulate kainate receptors or if it through an ionotropic, fast receptor channel ought to represents the mechanism by which these receptors be a rapid phenomenon that, in addition, should last for can modulate ion channels (i.e., Ca 2ϩ channels; see no more than a few milliseconds. It has been recently Cherubini et al., 1990; Rovira et al., 1990) . However, the established that the release of glutamate and GABA activation of a conductance by opening ion channels in can be under the control of nicotinic receptors (see the presynaptic terminals may have an effect on transMcGehee and Role, 1996 and references therein), so mitter release by shunting the action potential currents.
that there is emerging evidence on the modification of Interestingly, such a mechanism would imply a reduction synaptic transmission by presynaptic ionotropic recepin the probability of transmitter release and, therefore, tors. One can imagine that if excitatory and inhibitory an increase in the number of failures. This mechanism synapses are spatially integrated, synaptic glutamate would also account for the increase in the latency of could spill over (Kullmann et al., 1996) , reaching a consynaptic responses that we observed in both cultures centration high enough to activate kainate receptors at and slices. However, a depolarization of the presynaptic presynaptic GABAergic terminals. Taking into account terminal does not fit, in principle, with the observed the dramatic effect that some concentrations of kainate decrease in mIPSC frequency. Clearly, further work is have on GABA release in steady-state conditions (when needed to clarify the mechanism of interaction of kainate only a few receptors are active), the effect of glutamate receptors at presynaptic sites.
at the peak of activation will result in a complete supOur results establish that kainate receptors are most pression of GABAergic function. An exact timing with likely localized at presynaptic GABAergic synapses.
respect to the arrival of the IPSP-triggering signal is There are several immunocytochemical studies devoted to kainate receptor localization, but none of them have required for this kind of computational interaction. The temporal coincidence of excitatory and inhibitory sigmedium (GIBCO) supplemented with B27 supplement (GIBCO), nals does actually exist in the hippocampus and will be 2-mercaptoethanol (25 M), glutamine (0.5 mM), and antibiotics.
detected by the postsynaptic dendrite as a larger and by a fast perfusion system (Lerma, 1992 
Experimental Procedures
The noise-free coefficient of variation (CV) of inhibitory currents was calculated as:
Microcultured Neurons
To grow hippocampal neurons in microculture conditions, cells were CV ϭ √ 2 (IPSC) Ϫ 2 (noise) AmplitudeIPSC mechanically dissociated from hippocampi of E17-E18 rat embryos after treatment with trypsin (0.12 mg/ml, 15 min, 37ЊC) and seeded onto 35 mm Petri dishes that had been coated with 0.2% agarose where 2 (IPSC) and 2 (noise) are the variance of the IPSC and baseline, respectively. The ratio of CV in both situations (CVR) was obtained and sprayed with a solution of poly-D-lysine (5 mg/ml) and laminin (8 g/ml) as previously described (Bekkers and Stevens, 1991;  for each neuron as CV KA/CVControl. The plots comparing variation in IPSC mean amplitude (M) to the change in response variance of the of the European Community (BIO2-CT930243) and to O. H. from the DGICYT (PB94/1257). IPSC amplitude (1/CV 2 ) were constructed as described in Bekkers and Stevens (1990) and Malinow and Tsien (1990; see Siegelbaum and Kandel, 1991 for a comprehensive explanation). For this method Received July 17, 1997; revised August 25, 1997. to be applicable, the IPSC amplitude distribution must be described by a binomial. This means that the synaptic variance reflects the References probabilistic release of transmitter; i.e., there is quantal variance. We could not directly test whether our data fit to a compound Bahn, Volk, B., and Wisden, W. (1994) . Kainate receptor gene exbinomial distribution, but synaptic fluctuations were evident in most pression in the developing rat brain. J. Neurosci. 14, 5525-5547. of the cells studied (see Figure 2) . Thus, we assumed that synaptic Bekkers, J.M., and Stevens, C.F. (1990) . Presynaptic mechanism for release in our experimental situation did follow a binomial distrilong-term potentiation in the hippocampus. (Largo et al., 1996) . Briefly, a concentric Castillo, P.E., Malenka, R.C., and Nicoll, R.A. (1997) . Kainate recepbipolar stimulating electrode was placed in the ipsilateral CA3 for tors mediate a slow postsynaptic current in hippocampal CA3 neuorthodromic activation of the CA1 field. Recording electrodes were rons. Nature 388, 182-186. glass micropipettes filled with 150 mM NaCl (5-10 M⍀). Pipettes
Cherubini, E., Rovira, C., Ben-Ari, Y., and Nistri, A. (1990) . Effects were placed at the cell body layer of CA1 or in the stratum radiatum of kainate on excitability of rat hippocampal neurones. Epilepsy (350 m below the cell body layer), by inspection of the typical Res. 5, 18-27. shape of the evoked field potential, and within 300 m of the active Chittajalu, R., Vignes, M., Dev, K.K., Barnes, J.M., Collingridge, G.L., surface of the dialysis probe (see below). A subcutaneous Ag/AgCl and Henley, J.M. (1996) . Regulation of glutamate release by presynwire electrode located under the neck skin of the animal served as aptic kainate receptors in the hippocampus. Nature 379, 78-81. a reference. Stimuli consisted of 0.1 ms pulses delivered at 0.1 Hz and at an intensity that was supramaximal for evoking a population Clements, J.D. (1990) . A statistical test for demonstrating a presynaptic site of action for a modulator of synaptic amplitude. J. Neuspike. On two occasions, however, the intensity was set at 50% of the supramaximal value to check for a depolarizing action of kainate.
rosci. Methods 31, 75-88. The result was essentially identical, as described in Figure 5 . Clements, J.D. (1991) . Quantal synaptic transmission? Nature, 353, Microdialysis probes (outer diameter, 220 m; length, 0.8-1 mm)
396. manufactured as previously described (Herreras et al., 1994; Largo Coyle, J.T. (1983) . Neurotoxic actions of kainic acid. J. Neurochem. et al., 1996) were used to deliver kainate (3 M) to the extracellular 41, 1-11. fluid. The probe was lowered to a position at which the entire dorsoCooper, J.R., Bloom, F.E., and Roth, R.H. (1986) . The Biochemical ventral extension of the CA1 region was exposed to dialysis. A Basis of Neuropharmacology (Oxford: Oxford University Press). peristaltic pump was used to circulate artificial cerebrospinal fluid Craig, A.M., Blackstone, C.D., Huganir, R.L., and Banker, G. (1993). (ACSF) through the dialysis probe at a constant rate of 2 l/min.
The distribution of glutamate receptors in cultured rat hippocampal The ACSF consisted of (in mM) 122 NaCl, 3 KCl, 0.4 KH2PO4, 1.2 neurons: postsynaptic clustering of AMPA-selective subunits. NeuCaCl 2, 1.2 MgSO4, and 25 NaHCO3. A 90 min minimum equilibration ron 10, 1055-1068. period was allowed after the probe implantation before starting the experiment. After 30-60 min of ACSF perfusion, 3 M kainate was DeFelipe, J., and Fariñ as, I. (1992) . The pyramidal neuron of the perfused for another 30-60 min, followed by a washout period to cerebral cortex: morphological and chemical characteristics of the allow recovery. The actual concentration of drugs at specific dissynaptic inputs. Prog. Neurobiol. 39, 563-607. tances from the dialysis fiber is difficult to determine. However, Fisher, R.S., and Alger, B.E. (1984) . Electrophysiological mechawe know that the concentration of soluble compounds, which pronisms of kainic acid-induced epileptiform activity in the rat hippoduces a definite electrophysiogical effect at a distance of 300-500 campal slice. J. Neurosci. 4, 1312-1323. m from the fiber, must be ‫01ف‬ times higher in the perfusate than Forsythe, I.D., and Clements, J.D. (1990) . Glutamate autoreceptors that required to exert the same effect when administered in the depress excitatory monosynaptic transmission between mouse hipbathing fluid of an in vitro preparation (Herreras et al., 1994) . Thus, pocampal neurones. J. Physiol. 429, 1-16. it is not unreasonable to assume that the effective kainate concenGaiarsa, J.-L., Zagrean, L., and Ben-Ari, Y. (1994) . Neonatal irradiatrations in the extracellular fluid during the present experiments tion prevents the formation of hippocampal mossy fibers and the were 0.3-3 M.
epileptic action of kainate on rat CA3 pyramidal neurons. J. NeuroBicuculline methobromide, kainic acid, and TTX were purchased physiol. 71, 204-215. from Sigma; D-2-amino-5-phosphonovaleric acid (D-APV), 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX), ␣-methyl-4-carboxyphenylHamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J. (1981) . Improved patch-clamp techniques for high resolution current glycine (MCPG), and ␣-methyl-4-phosphonophenylglycine (MPPG) were obtained from Tocris Cookson. GYKI 53655 was kindly prorecording from cells and cell-free membrane patches. Pflü gers Arch. 391, 85-100. vided by Lilly and Company. Salts were from Sigma. Hendry, S.H.C., Houser, C.R., Jones, E.G., and Vaughn, J.E. (1983) . Synaptic organization of immunocytochemically identified GABA
